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1. INTRODUCTION

A range of optical techniques, Dased cu moiré and speckle, have been developed st
Cambridge for studies of the deforination, strength and fracture properties of
materials including PBXs and propellants. In some cases, these high spatially
sensitive methods (micron resolution) have been combined with high speed
photographs (microsecond timing intervals). A review paper has been prepared for
the 10th Detonation Symposium and this is given as Appendix 1. Section 2 describes
a study of the deformation cf inert propellant grains; cylinders with seven axial
holes. The grains were stressed to failure in three geometries. The optical technique
chosen for the study was the “fine grid” method. An important advance was the
development of methods to add a fine grain grid to the surface of the grains (spatial
period ~ 80 um). The results show the detailed deformation, for the whole viewed
surface, up to failure. Section 3 is concerned with fragment attack of propellant
grains. A gas gun has been used to fire projectiles of various shapes into different
arrays and types of propellant grains; the whole process is recorded with an image
converter camera at microsecond framing intervals. The results show the way the
propellant deforms and the sites at which any ignition takes place. This report
presents results on uncased propellant. Appendix 2, a preprint of a paper presented
at the 10th Detonation Symposium, gives results on cased propellant.  Finally,
section 4 gives recent results obtained with our transparent anvil drop-weight
apparatus. ‘This technique allows high-speed photographic recording of layers of
propellant or arrays of propellant grains being impacted. Data are presented for
four propellants.

2. DEFORMATION OF INFRT PROPELLANT GRAINS

2.1. Introduction

The objective of the work described in this report was to develop and apply a
stitable optical technique to determine the in-plane displacement ficlds associated
with the quasi-static compressive deformatio v of inert propellant grains up to the
point of failuze.

2.2 Experiment il

The propeliant | rains are cylinders with typical dimensions of 7.4 min in diameter
by 8.0 mm in length containing seven perforations, with diameters of about (0.7mm
aligned parallel to the long axis of the cylinder, six arranged in a hexagonal array
together with a perforation through the centre of the grain.,

Individual grains were loaded in compression between a fixed and a moving brass
anvil in an Instzon 1122 Universal csting machine with crosshead speeds of €.05 and
0.20 mm/min. The applied load was measurced with a tension/compression load.ell
with a maximum load capacity of 500 kg. In two of the loading configurations
individual grains were compressed across their diameters with the three
perferations along the grain's diameter aligned cither parallel o p"rp('ndimlnr 1o
the axis of loading. In the yerwiningg configuration the propellant grain was axially-
solit along theee (h.nnmrl.ll perforations and mouned v ith the lopg axis veadical.
Previous wark has shoewn that under quasi stadic compression the grains deforim
plastically hefore fractoving, The in-plane displacements up to the point at which the
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grain fraciures are quite large, typically up to ~ 1mm. In v'ew of these large
dizplacements, the ontical technique chosen was based on the “Fine Grid” method.
In this technigue a ¢ ossed grating with a suitable pitch is created on the surface of
the specimen. The deformation of the grating is monitored whilst the sample is
loaded and the data obtained is then used to determine the in-plane displacement
fields. The experimental arrangement used to monitor the deforming grating and the
methnds used to process the data are described more fully it section 2.2¢.

2.2a Specimen preparation

A convenient method of producing a crossed grating pattern on the surface of a
propellant grain containing perforations, is by stenciling using a fine mesh A
stenciiled pattern was created using a 25 pm thick electroformed nickel mesh, with a
mark to space ratio of 1:4 and spatial period of 76.3 um. The surfaces of the
propellant grains were prepared by first hand grinding to produce flat faces using
wet and dry paper, followed by polishing with a 12 um white ceramic gri: to obtain
a smooth surface free from protuberances, for example raised edges around the
perforations, as these can produce gaps in the stencilled pattern where displacement
data can not be obtained. The split-grain specimens were prepared in the same
maumner, after the griins had been cut with a diamond saw. The axial perforations
through the length of the cylinder were carefully exposed in the hand grinding
process, followed by polishing as described above.

A high contrast stencilled pattern is required if the the lines of the grating are to be
easily resolved by an imaging system. The specimen surface was first sprayed with a
black liquid acrylic paint through a airbrush photographic retouching pen. After
allowing the paint to dry a second layer was then applicd, whilst the paint was still
wet a small square of the mesh is laid gently on the specimen surface, after being
oriented with respect to the perforations with the aid of a high magnification stereo
microscope. The application of the mesh to the specimen surface must be done very
carefully in order to avoid the wet/damp layer of acrylic paint flowing into the
spaces cf the mesh and thereby Llocking them. The purpuose of the latter step was to
adhere the wire of the mesh to the specimen surface in order to prevent subsequent
pint sprayed through the spaces from spreading underneath the mesh and
d.stroying the pattern. The speciinen with the mesh in place was then allowed to
dry. Finally white acrylic paint was sprayed through the mesh using as fine a spray
as possible with the airbrush to minimise wetting the stencil. This process was
repeated several times, in which successive layers were allowed to dry before
applying the next. When the surface appeared completely white the mesh was
gently removed by lifting it away at one corner. The stencilled pattern was then
revealed as white blocks of paint against a black background.

2.2b Photographic studies

Initial experiments to test the effectiveness of the grating, in revealing the
deformation of propeliant grains under load, were performed using a conventional
35 mm camera system. An Olympus GM 2 camera and motor drive, together with a
S50 mm E/3.5 Zuiko Macro lens and extension bellows were used to image the
specitaen onto ¥4 (iso 125) black and white film. The image of the specimens were
mapnitied by typically 2.8x for the circular face config wations, and 2.3% for the
split-grain contiguration. Phiotegraphic trames were recorded, whilst the sanple was
veing loaded, with atomatic exposure after which the filn was advanced to the



next frame by the motor drive. The specimen was illimeinated obliquely with an
Olympus white light source. As this light source can produce significanf heating at
the surface of the object over the duration of the experiment, a heat filter was used to
prevent heating of the sample.

The alignment cf the crossed specimen grating with the axis :f loading for the
circular face configuration was achieved by removing the loading jig containing the
brass anvils, from the Instron and placing it under a travelling microscope. The
stencilled surface of the sample was then moistened by pressing against a damp
absurbent tissue and attached to a small gla s plate where it was held in position by
surface tension forces.

e specimen could then be introduced into the space between the anvils and the
horizontal grating lines aligned parallel to the fixed anvil by rotating the glass plate
whilst being observed through the travelling microscope. The sample was then held
firmly in position between the anvils by means of a spring which applied a small
compressive load to the sample. The the jig was then replaced in the Instron. Using
this method it was possible to allgn the specimen grating to within an uncertainty of
one grating pitch over a sample diameter, corresponding to an angular error of $0.3
degrees.

2.3c Irnage processing system studies

The miethod chosen to analyse the images obtained as described is derived from the
“Fine Grid Method”, in common use by engineers. The image of the crossed grating
described above is used to provide a series of markers, the movement of which is
traced by a computer. ‘The computer can then mip the deformation across the whole
of the surtace of the sample.

The apparatus used is illustrated in figure 2.1, The sample is loaded as before in an
Instron tensometer. A video camera is arranged with suitable optics to record
images of the deforming sample. The output from the camera can be digitised on
demand at intervals to provide a permanent record of the specimen from time to
time. An inter-frame time of about 30s was found to be adequate, dropping to as
little as 10s when the specimen begins to yield rapidly. The output from the load-cell
of the testing machine is also digitised and recorded, but at a frequency of once per
second. The compuier in vse is a Sun SPARCstation 1T (20 MIPS, 4.2 MELOGIS), with
a Digital Imaging Systems DIS-3000 frame-grabber, an EEV P46580 CCD video
camera, and a Biodata Microlink analogue-to-digital converter. Experiments have
bren carried out on sampies in configurations I and Il of the sample (described in
scetion 2.3a), bitt not of the split grain-geometry, configuration JUl

The method chosen for the analysis nses a suite of vre-existing programs written in-
house to pertorm varioes image-processing tasks, as well as several purpose-written
programs.

The images are processed according, to the following scheme. Along each axis, the
intensity of the i fmage will vary as a square wave if the grating is perfect. ‘This can be
approximated as a sine wave if necessavy. If we plot a graph of intensity against
pixel location, ajong, say, a line parallel to the ] orizontal axis, we can represent the
intensity verdation as a sine-wave. Thus we could use as i measure of distance along,
this sine-wave, the “phase” of the wave, which will increase by 2x per grating pitch,
This phise will then give a mcasure of pesttion on the surface of the sample alony,
the line wa Bave been ticasuring. The same phase value will always correspond to
the same point on the sweface of the spedimen, regardless of how ihe grating



deforms, so long as it remaing cesolvable, and provided we always starl counting
phase it the same place.
Howaver, in the anage, each titoe the phase increases past 2z, the phase will return
iy zero. The phase is said to be “wrapped” on to the spoce 0 to 20 To provide a
monotonically increas: g measure of distance across the specinen surface, die phiase
must be “unwrapped”. This is performed using algorithins described by Huatley.
If we extend this argument to two dimerisions, we can produce & map of vhase
icreasing in the +x direction, and a separate map of phase ipcreasing in ine +y
direction. If the sample deforms, then we can follow the movement of every point on
the specimen surface by locating a point with ideatical x and y phase in a subsequent
frame, and calculating the movement which has occurred between the two frames.
Thus the deformation can be determined across the whole specimen surface.
The x and y components are separated by performing a two-dimensional fast-
Fourier transform on the image, and speatially f{iltering either the x or the y
component of the grating before performing an inverse Fourier transform, and then
unwrapping the phase in each direction.
Since this method effectively counts every square in the grating on the specimen
surface, it is essential that the grating is of very high quality. If single blocks are
missing, or contrast is low in some regions, the unwrapping process gives
ambiguous answers, and the method fails. It is thus essential to show that the
gratings inuse are of adequate quality.
rigure 2.2 shows a set of six images recorded by the computer during loading in
configuration I. Consider the example of trame (a), where the sample is undeformed.
This picture is produced from the digitited image. After spatial filtering, and phase
unwrapping the x component of the phase, is shown as a contour map in figure
2.3a. This can be seen to be composed of straight lines, stretching from phase 0 on
the left (chosen arbitrarily) to about 600 on the right, corresponding to just under 100
lines on the specimen surface. The same procedure can be performed on the y
component of the phase, yielding a sinilar contour map, iliustrated in figure 2.3b If
the method is to be suceessful, it must also be possible to draw unambiguous
unwrapped phase maps of the deforred specimens . Using frame (f) of figuve 2.2,
the same processing has been performed, to yield the contour maps shown in figures
2.3c¢ and 2.3d. Here the contours are curved, to mirror exactly the deformation of the
grid on the specimen surface. There are somne discontinuities in the contour maps,
where the specimen has failed, however this is to be expected in regions close to
tears in the specimen surface.
The final stage of writing o program which will caable the phase maps to be
followed from trame to frame, tracking a given x, y pair of phase values at each
pixel as they move across the image is yet to be completec t should then be possible
to evaluate the in-plane strain fields over the whole spec: .en surtace. The feasibility
of the method, which is critically dependent on being able to produce very high
quslity, high contrast brntmbs has been amply demonstrated. The additiona!
sofiware required is under development, and is expected to be completed soon.
The load-time curves produced from these experuments have been recorded. Two
such curvaes are plotied in figure 2.4, where the continuous line represevts the data
fromn an experiment with the specimen aligned in co. figuration I, in whick the load
was measured every second, the discrete point:, are from a second expesiment,
where Joad was measured at the times when ancimage was digitised. It can be seen
that they are in very good apeeement. The load-time curve for a sample foaded in



configuration I is showi. ire figure 2.5, 5ix of the images recorded by the compuler in
this experiment are illustrated in figure 2.6.

2.0, Rosalty

2.3a Photographic studies

A sequence of six photographic rrames showing the di orration and compressive
failure of a propellant yrain with three perforations aligned parallel to the loading
axis, configuration I, is shown in figure 2.7. The initia! sample dimensioas were 7.38
mm in diameter by 8.19 mun in iength. Photographs were recorded at F/8.0 with
automatic exposures. as the sample was loaded it a constant rvate of 0.05 mm/mird.
In this configuration all the perforations becoine increasingly distorted as the
loading continued and appcared initially to start at the boundaries of the
pertorations closest to the anvils, as shown by the curvature of the grating lines in
this region. As the loading continued, these perforations were deformed into
triangular sheped holes with rounded vertices, whercas the central perforation
vecame increasingly ellipitical in shape. The remaining perforations away from the
loading axis, were distorted into increasingly pear drop shaped holes. The corners of
the deformea perforations becamne sharper as the load was slowly increased to a
maximum value of 116 kgs, corcesponding to figure 2.7(e), after which the toad
steadily decreased as the sample was turtner compressed. The decreasing load co-
incided with the onset of failure, which can be clearly seen in figure 2.7(f), where
cracking can be seen starting from the sharp corners of the central perforation. In
addition these is also evidence of shear failure aleng divections connecting the
corcers of the trianguiar holes af the toe and bottom of the groin adjacent to the pear
shaped holes.

in the second configuration three perforations were aligned parallel to the horizontal
axis. This sample was again loaded at a constant crosshead speed of 0.5 mmy/min. A
sequesnce of six photographs showing the deformation and tailure is shown in figure
2.8, In this configuration, the two outermost perforations on the horizoutal axis
appear to have remained almost undeformed oo disterted as shownin figure 2.8(1).
By contrast the central perforation is distorted from a circular hole into an almost
retangular hole with rounded comers. This sample reached a maximum loadof 87
kgs, corresponding to figuve 2.8(¢), at which point the load decreased steadity as the
prain was further compressed. As in the previous example the decreasing load co-
incided with the onset of failure. Close inspection of figure 2.8(e) shows the
formation of shear cracks alony the directions connecting the top (et and bottomw
right corners of the central hole with the adjacent pear shaped holes located at the
top left and bottomn right ¢f the sample. These cracks are more clearly shown in
figure 2.8(4).

The deformation and compressive failure of a split propellant grain is shown in the
sequence of six photopraphs presented in figare 2.9, The initial speci.aens were 7,75
mm in height by 7.35 manin diameter corresponding o the unloaded grain shown in
fignre 2 9(a). The sample was loaded at a constant crasshead speed of 0.05 mm/niin.
From the sequence it can be seen that as the sample is compressed the pexforation
walls are bent putwards. In acdition at the mid-point height the spacing of the
boivondat prating ines became suscessively smallex until they could not be
resolved. This was prartly due to an ont of plane displacement of the grain, howsver
exanunatior of the specihmen after loading, snowed that the reduced spacing of the



grating lines at the mid-height was o real effect. In contrast the sequence: shows that
the grating appears to have undergone relatively little deformaticn iimmediately
uaderneath the apvils. At a load of 134 kg, covrespoading ¢ figure 2.8(f), the doad
stavted decreasing as the sapiple was coripres ssed. As before, this ceducided with
the onset of failure whick in this case occurred i the form of axial cracking of the
grain, at the rear mid-height of the perforations. At failure the bulk compressive
strain was estitnated as approximately 60%.

2.4. Discussion

The results obtained to date show that it is possible to produce crossed gratings of
sufficiently high quality and contrast to allow the deformation of the propellant
grains up to the point of failure to be established. The photegraphic studies have
shown that there appear to be regions within the deforming grain in which the
material behaves in an almost rigid manner. Such regions appear to be located in the
vicinity of the loading anvils. This is particularly evident in the deformation of the
grains in the configuration lI arrangement, in which the central perforation is
changed from a circular into a rectangular hole as the grain is compressed. It appears
to be possibie to liken the deformation to the inseriion of rigid wedges into the grain
from above and below the grain where it is in contazt with the anvils. Such “dead
zones” may be typical of this loading geometry. These observations are common to
several experiments, not all of which are presented here.

To date all data relating to the deformation of the grains has been extracted by visual
analysis either of the developed photographs from the photographic studies, or of
computer-generated animation sequences. Whilst this has given a very good
qualitative insight into the deformation processes, the real Ob)Cf‘tlvo is to analyse
these pictures to obtain the in-plane displacement fields by using the fine-grid
method. It has boen shown that the gratings and optical arrangement are of
sufficient quality to allow the extraction of the relevant data. The final processing ol
this data has not yet been achieved, but the principle has been amply demonstrated.
Further work to produce animated sequences of strain distributions within the
defoming g.ain offers the prospect of excellent results in the very near future.

3. SIMULATED BULLET ATTACK OF SOLID CUN PROPELLANTS

3.1 Introduction

Much research is currently being undortaken into the hazard response of propellant
waterials to bullet or tragment attack.  No Jonger is the explosive filling of a
ruunition considered to be the only patt sensitive to accidental or intentional
frapmuent attack; the propetlant component has been found to be similarly
violnerable. Untortunately, at Least from the point of view of minimizing aazard
respon v, propeilant is desigaed 1o borocand may do so .'mm‘ a stitmujus that will not
Wi e wey response inan explosive filling. In genera!, the shock-to-detenation
tewration “SEP0)as less ot a poteatinl hazard with u)nvuntmnai gua propaeilants than
tor explusive filliags though the trend towards low vulnerability (1LOVA)
contpenitions tor pun propell ats which oftenchude secondery high explosives as
part constituents preveuds tais rom Leing ao assedtion. The concept behisad
including explosives in propellant compositions is, perversely, to reduce their
vidnerability whilst ensorving similay or gredter pertornsance. e resulting,
corapations can be Jess sensilive e o stiaudi bat, as the proportion of
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explosive is increased, the composition can become inore susceptible to sthnuli
c.np.tbln of produicing SDT. In addition, should & propellant charge i the form of
Joose packed graing, ulxy ned sticks or cast motar pe eansed 1o burn accidentally, the
affect tois may induce in the other components of the manition may be just as

catastrophiic as if thie bigh explosive itseli had suftered an indtiali ng stimulus, 10 @
large extent, the lower ;usceptibility to burning exhibited by the LOVA propellants
has been the impetus behind this compositional rescarch as the common single,

double or triple based propellant compositions are very vulnerable under this type
of unintentional stimulus.

Much of the work now concentrates on designing the propellant material and the
casing as a combination. This has allowed well-characterised propellant materials to
be hazard tested and the effects of casing changes easily discernible.

The aim of the experiments detailed in this report was to compare the ignition
response of four gun propellants (though the technique could be used to assess the
impact response of any type of propellant) to a simulated bullet attack. The
compositions were impacted to identify the prevalent ignition mechanisms and the
subsequent propagation of reaction using either a sabot-driven metal projectile or a
nylon projectile.

In addition to single grain impacts, most of the compositions were tested in
geometric arrays representing one layer of close-packe d and one layer of column
stacked array. These experiments were to determine the effect that packing has on
the hazard response of the material. In some munitions, the geometric packing of
the grains is carefully conteolled (eg. strand burning rocket motors) and in others,
the propellant grains are allowed to adopt any orientaticn.

Unlike earlier work carried out by the author into scctioned, cased explosive
charges, (Ref Appoendix iii), the compositions were not cased as it was thought that
there would be considerable difficulty in manufacturing good-fit cases and keeping
the propellant quantity between tests uniform. In addition, the impact geometry
would not be so well known since some impacts could occur fully through casing
onto a grain, whilst others could occur through the casing but at the intersticies
between grains thus reducing the effect of the impact and making the outcome
mechanistically uncertain.

The mechanisms envisaged to play a role in the 1;,111&101\ of propellants which are
uncased and subject to simulated bullet attack by projectiles are heating due to rapid
viscous flow ahead of the projectile, adiabatic shear band formation and, in the case
of the multi-cored propellants under test, heating of the propellant by shock induced
adiabatic collapse of the holes. Waliey and co-workers (1992), after studying high-

speed photnymphs of the rapid deformation of cast double-based propellants under
drop-weight impact, suggested that ignition occurs through additive processes such
as bulk heating, viscous heating and adiabatic heating of gas trapped at the
peripheries of the specimen leading to “hot spot” production. Fong (1985), using a
Hopkon Par arrangeient, investigated crack initiation in multi-cored propellants
by impacting the graing side- and end-on and found that single- and triple-based
propellants were more resistant to criek initiation than double-based propeliants.
IT also suggested that the holes wese sites of Jocalised stress. Goldrein and co-
workers (1993) also foud, by analysing ¢ ntour plots of in-plane displacemnents,
tnat there are stress concenteations betweei these holes, Work by Boyle et al. (1989),
showaed that bo W prescare and shear velocity nove a strong effect onignition and
that in their experiments o range of explosives and pm]ml mis, the composite-
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modified, double-based propollant was by far the most susceptibide to shear forces
but the least sensitive to shock. Furiher work on ignition mechanisms has been
carricd out by Ho and Fong (1989) whoe investipated the relaiionship botween mm.u t
ignition sensitivity and the kinetics of thermal decompesition of solid propsl (lllt‘
They suggested that two distinet mechanisms are involved in impact ignition.
Firstly, there is an initiation step wherc fracture, viscc-elastic/plastic deformation
and cracking occur and are the means by which “hot spots” are formed; the
mechanical properties of the propellants predominate in this step. Secondly, there is
a flame propagation step which is governed by several inter-related factors such as
the decomposition kinetics, thermal stability and burning rate of the propellant i.e.
propellants with low decompesition temperatures and low activation energies
showed high ignition sensitivities.

In this study, high-speed photography has keen used to give an insight into the
reactiveness of four types of gun propellant under simulated bullet attack and in
addition has comparad solid gun propellant with that of its nwulti-cored equivalents..

3.2 Experimental

The samples of propeilant were impacted using two typvs of projectile. (Sce Table
3.1) The silver-steel projectiles, (density 7.8 g cm-3) were sabot-driven to allow
relatively small diameter projectiles to be used so that the mass of propeliant was
kept to a minimum to comply with safety constraints. The sabats were mnade of
nylon 666 rod (density 1.1 g cm™3), with a recess for the projectiie at the front and
material reamed out at th: rear to reduce the weight of the combination. The
projectiles were fired at the target at velocities of 400 to 580 m s'1. Although the
sabot would impact the target approximately 15 ps after the projectile, it was not
expected to affect the initial immechanismas that might cause ignition in the propellant.
However, early high-s poed photographs for this work showed that the subsequent
impact of the sabot had, in some cases, a considerable effect on the later ignition
respone and it was decided to also investigate the cffect of this second shock on the
propellant grains. Nylon projectiles were used because of their good impedaace
matching with the target and light weig ht. which permitted high impact velocities at
relatively low firing pressures, The nyion projectiles were fired at between 500 and
720m s,

Tuble 3.1. Type, front-cnd geometry and dimensions of projectiies

| _Projectile naterial 1 front-end geometry | _diameter (inin) Iength (mm) | mass (L)J
silver steel . tiat 5.2 20 2.0
silversteel 1 30" cone® 5.2 20 23
nylon 666 flat 12,77 25 2.2

*usedin JA2 experiments only

There were four types of expeciment performed on the propeliants:-

(i) steel projectile inwact on asingle grain

(i) nyloa projecule impact on asingle grain
(1) eteel projectile impact ona close-packed array of greiang
(iv)  steel projectile irpact on a “colimied” array of grains



Steel projectile experiments
The steel projectile impact on the arrays and single grains was carried out on 6 mm
thick parallel-faced cylinders. Sectioning and facing marks can be seen on some of
the materials. The grains were sandwiched between two 10 mm thick blocks of
polycarbonate as shown in Figure 3.1. - The thickness of the propellant for the steel
projectile impacts allowed the blocks to act as sabot-strippers. The effect of the sabot
~ has been discussed earlier. Figure 3.1 is a picture of the target arrangement and
Figure 3.2, a picture of the target in the experimental set-up.

Nylon projectile experiments

The nylon projectile impacts were carried out on single grains of the propellants
which were sectioned to be 11 mm thick. The dimensions of XM43m (refer to Table
3.2) prevented the single grain impacts from being readily carried out. The
propellant types, dimensions and geometries are detailed in Table 3.2 and are shown
for comparison in Figure 3.3.

Table 3.2. Type, dimensions angeometries of the propellant.

Propellant | - Type Geometry tested | diameter( | length
~ mm) (mm)
JA2 standard double solid stick 8 as
) ~_base required
XM43 nitramine based | solid stick 8 as
’ ‘ : _ required
JA2 = | standarddouble | 7 holes 9 as
| equivalent |~ ‘base required
XM43 nitramine based 7 holes 5 11
_equivalent

The two multi-cored propellants have been referred to as JA2m and XM43m. The
dimensions of the US and the equivalent multi-cored propellants are not exactly
similar because in general, propellants are designed and manufactured with a
specific use in mind. It was therefore very difficult to obtain multi-cored propellants
that were exactly the same diameter as the solid sticks. The chemical compositions of
the US propellants and their equivalents are however very similar.

The projectiles were fired using a helium-driven, single-stage gas-gun at pressures of
between 20 and 50 bar, which produced velocities (depending on the projectile used)
of between 400 and 720 m s1.  The impacts were photographed using an IMACON
792 image converter camera in framing mode, with interframe times of either 2 or 5
us. _ ,

The photographs were lit using Bowen flashes and arrangments of front and rear
lighting as appropriate. The velocity of the projectile was measured by timing it
between two laser beams a known distance apart. The timer was connected to an
up-down counter which was used to fire the camera at the correct time, irrespective
of projectile velocity. The experimental layout is presented schematically in Figure
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3.3 Kesulis
In this section, each material has been anaiysed in turn.

JA2 Gun piopzilant

Under steel projectile impact of a single grain, at up to 550 m s°1, this material did
not ignite on penetration by the projectile. in a few pnotographs there is some
evidence of burning on sabot impact but as most of the propellant was retrieved. if
in many fragments, bulk ignition presumably did not occur.

For the nylon projectile impact at velocities up to 670 nu s-1, there was no evidence of
ignition.

These results are interesting as they suggest that the material is intrinsically
insensitive to this type of impact and is also relatively insensitive if fractured (on
projectile penetration) and then subsequen*ly re-shocked by the following sabot.

The results are however significantly different for arrays of grains under projectile
attack.

Fig. 3.5 shows steel projectile (p) impact of a closc-packed array of JA2 at 575 m s-!
with impact occurring in frame 1. The interframe time is 5 s and it can be seen that
the first impacted grain underwent considerable deformation resulting in ignition
ahead of the projectile and in the surrounding interstices. Or sabot (s) impact in
frame 3, there is further reaction which builds in intensity in the subscquent frames
until dying away after 35 ps, frame 8 (not shown). Although there has clearly been
ignition in some of the grains, propagation between all the grains did not occur as
some were recovered relatively undamaged. This could be due to the confinement
of the system allowing movement of the more distant grains after appr-ximately 390
us and preventing further propagation of reaction or it could simply Le due to the
material being fragmented and ejected from the reaction zone.

Figure 3.6 shows a close-up of steel projectile (p) impact of a close-packed array at a
faster framing rate with 2 ps interframe time. The impact was at 540 m s-1, slower
than for figure 3.5, and there does not seem to be ignition associated with projectile
impact, though the initial impact grain (g) undergoes much plastic deformation,
swelling to fill the interstices. As the grain boundaries came together, there was also
no observed ignition. Further experiments at between 510 and 570 m s-! suggest that
this result was on the border-line for ignition to occur for this array geomeiry. In
othe: recent studies by the author into a different double-base composition, this
plastic deformaiicn to fill the available space has also been observed though again
there was no ignition on grain boundary impaci. There is light ahead of the
projectile in frames 4 and 5, but further experiments and examination of the
confining polycarbonate blocks after the experiment has shown that this is due to the
steel projectile scoring the blocks rather than ignition of the propellant itself.
Ignition does occur in frame 8 and the partly visible frames 9 and 10 though there
does not seem to be bulk ignitioa or propagation of reaction between the propellant
grains. This ignition is probably sabot-impact associated as clearly the shock
imparted by the sabot into already fractured and heated propellant could cause
ignition. Once again, some grains were retrieved after the experiment, showing little
signs of damage and no signs even of surface burning.

Figure 3.7 shows pointed-ended projectile (p) inipact of a close-packed array at 550
m s and there is no ignitic .. associated with the projectile impact in frame 1. The
interframe time is 5 ps. It is interesting to note that the materia' has been sufficiently
disturbed and probably heated by this impact to ignite cn the following sabot
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impact in fremes 5 and 6 though the ignition is neither as sustained nor as violent as
has been observed with flat-ended projectile impacts at the same impact velocity.
The sabot (s) can be seen to light up in frame 4, just at the moment of impact with
the blocks. This is probably caused by adiabatic compression of the a' trapped
under the sabot ori impact. These impact results suggest that the propellarit is fairly
sensitive after being fractured as a pointed-ended impact does not produce as much
rapid flow ahead of the projectile as is the case with a flat-ended projectile impact.
The amount of viscous and shear heating experienced by the propellant is also
greatly reduced. Earlier studies by the author into cased explosive compositions and
other propellents have found that some materials remain almost as insensitive after
pointed-ended projectile impact as the un-impacted materia! and are consequently
unaffected by tie shock produced in the material by the following sabot impact.

It should be remembered that no ignition is seen in the propellant for single grain
impacts with flat-ended projectiles even on the following sabot impact and that JA2
reniains insensitive to faster nylon projectile impact although this should produce a
stronger shock in the material than a sabot following a projectile.

Figure 3.8 shows steel projectile (p) impact of a columned array of JA2 at 340 m s
with a 5 ps interframe time. Although there is projectile yaw, causing the impact to
be high in frame 1, luminescence can immediately be seen in frame 2. Jetting of the
material is visible around the projectile and on sabot (s) impact in frame 4, bulk
ignition occurs in the interstices and in the grairs themselves. In frame 5, jetting (j)
of material can be seen emanating from between two grains. In this and other
experiments with these columned arrays, little material was recovered and there
were no intact grains.

JA2m multi-cored Gun Propellant

Under steel projectile impact of a single grain at up to 550 m s°1, ignition was
observed at 540 m s-! and above. The ignition is again sabot-associated; compression
of the holes on projectile impact is observed but not luminescence. It is possible that
luminescence was missed because of the 5 ps interframe time as this type of collapse
is followed better with a faster framing rate. On the foliowing sabct impact,
adiabatic compression of the holes nearest the impact is observed, followed by rapid
fracturing of the grain between the holes and subsequent burning of the whole
grain. No material was recovered.

Under the faster nylon projectiie impact at up to 705 m s, ignition was observed
starting at the hole nearest the impacting projectile and leading to burning of most cf
the propellant grain. A small percentage of the material was recovered after these
tests.

Thest results suggest that although JA2 and JA2m are compositionally very similar,
the geometry of the grain has an important effect on its sensitivity to ignition under
projectile attack. JA2m seems more sensitive under single grain impact.

Studies of this material impacted in arrays also shows increased sensitivity as
compared to standard JA2,

Figure 3.9 shows a close-packed array of JA2m undergoing steel projectile (p) impact
at 520 m s’1. Impact occurred in frame 1 and burning between the interstices can be
seen beginning in frame 1 and increasing in frame 2, 5 ps later. On full sabot (s)
impact in frame 3, much greater reaction is observed and luminescence occurs in the
hole (h) closest to the impact site due to adiabatic compression of the gas in that
hole. Th.: projectile does not hit squarely onimpact and it is suggested that material
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is scraped or sheared off into the interstices where it biirns. This material would
have absorbed iruch of the energy of impact and could be expected to have been
rapidly heated in the process. Ignition continues in the later frames though some
maierial was recovered after the test.

Figure 3.10 shows a columned array of JA2m impacted by a steel projectile (p) at 540
m s-1. The interframe time for this picture was 5 pus. Projectile impact occurred in
frame 1 and there does not seem to be ignition associated with this impact or the
following sabot (s) impact in frame 3. In frame 5 luminescence is observed
emanating from the holes (h) in the grain impacted first and bulk ignition has
occurred by frame 6, increasing in intensity in the subsequent frames. That the
ignition did not seem to occur on projectile or sabot impact is surprising and may
reflect the fact little material was ejected into the interstices on projectile impact as
this jetting in cther experiments has been followed by intense burning i1. the
interstices. There was little material recovered after this test, as might be expected
from frames 7 and 8.

JA2m appears to be more sensitive to projectile impact than its solid counterpart and
the differences in velocity of impact causing ignition, though not great are
significant. Ignition would not have been uvxpected in JA2 at 520 m s-! and the
threshold for ignitior: in JA2Zm may indeed be somewhat lower, perhaps around 500
m s

XM43 Gun propellant

On steel projectile impact of a single grain, no ignitions were observed at up to 550
m s'! even after a test resulting in an oblique impact. There was considerable jetting
on impact but no evidence of burning of this ejected material or any reaction
associated with the subsequent sabot impact. The propellant grain was retrieved
unburnt but shattered.

The faster nylon projectile impact 0. a single grain at up to 705 m s-? produced no
ignitions at an interframe time of 2 ps and the grain could be seen to shatter under
impact.

Figure 3.11 shows steel projectile (p) impact of a close-packed array at 540 m s';
impact occurred in frame 1. 5 ps later in frame 2, the interstices between the grains
can be seen to be closing up, though there is little reaction associated with this
closure. Material can be observed jetting (j) backwards. In frame 3, sabot (s) impact
induces reaction and in frame 4 it appears to be linked to the grain boundaries and
positions of the original interstices. The reaction can be seen to be fading by frame 5.
Figure 5.12 shows steel projectile (p) impact of a columned array at 550 m s-1; impact
occurred in frame 1. There is no reaction associated with projectile oz sabot (s)
impacts, though material can be seen to have been injected into the interstices
between the grains in frame 4. The interframe time was 5 ps. All of the material was
recovered unburned though fragmented after this test.

Fig. 3.13 shows steel projectile impact of another columned array at 520 m s-1,with
impact of the projectile having already occurred by frame 1. The interframe time
was 2 us. Both frames 1 and 2 show “feathering” (f) around the circumference of
the initial impact grain (g) and jetting (j) of material into the top interstice. Ignition
associated with this interstice can be seen in frames 4 and 5 though whether it is due
to sabot shock promoted. The other interstices on closing can also be seen to sustain
reaction. Some of the material was recovered.
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Although these two results conflict, other tests around the 520-550 m s 1 impact
velocity suggest that ignition does not usually occur at 520 m s°1 and that this was an
unusual result. As more ma‘~rial than would be expected after an ignition was
recovered, it suggests that propagation of reaction: was not as extensive as for the 550
m s-1 impact.

XM43m multi-cored Gun prepellant

Single grain impacts with steel or nylon projectiles were not performed because of
the size of these propellant grains.

This propellant was tested in array form and steel projectile impact of a close packed
array at 530 m s resulted in bulk ignition of the material beginning with ejected
materia! burning in the interstices as seen before. Ignition sites were also associated
with the holes in the propellant.

Figure 3.14 shows steel projectile (p) impact of a columned array at 530 m s-1. The
interframe time is 2 ps and impact has already occurred by frame 1. Frame 2 is
mteresting as it shows luminescence from a hole (h) in a grain (g2) that has not been
physically impacted by either the projectile or an adjacent grair. This suggests that
the material that has been jetted from the initial impact grain (g1) into the interstices
has impacted that grain {g2) and caused aaiabatic hcating of the gas in the hole
causirg it to huminesce. Material can be seen ejecting from the far propellant grains
(g2 & g3) in frame 3 and if there had been a further layer, this material jetting could
have caused a similar reaction in another grain. When the sabot (3) impacts in frame
4, the burning in the interstices is already signiticant, so the inicial reaction was in
this case completely due 10 the projectile. In later frames, the jetted material, in later
frames spreads to the other interstices and burning is clearly evident.

3.4 Discussion

JA2 versus JA2m

JA2 is more inzensitive to simulated bullet attack than its multi-cored composition
JA2m ir both single grain and array impacts. JA2 exhibits plastic deformation on
impact, swelling to fill the available space without igniting through frictional
heating on grain boundary contact. Both materials are sensitive to following sabot
impact which re-shocks the material after it has first been disirubed by projectile
impact, and JA2 is sensitive after pointed-ended projectile impact which is perhaps
surprising as the front-end geometry of tnat type of projectile produces much less
damage in the material in terms of viscous heating and shear than a comparable flat-
ended one. JA2m, on impact, does not appear to plastically deform to the same
extent as JA2 but the grains appear to fracture through lines of weakness which
occur between the holes. Th~ holes themselves are susceptible to shock induced
collapse causing adiabatic compression of the gas in the hoies lcading to points of
ignition.

Where light output can be seen in the interstices of the propellant grains, it is likely
that this is due to material having been spalled off the grains during impact and
ejected into interstices which have been heated by shock compression. As the
spalled material has a large surface area to volume ratio with respect to the
propellant grain, it is far more likely to ignite and evidence for this can be observed
in many of the pictures. Indeed, asymmetric impacts which cause parts of grains to
be sheared off and jetted into these interstices have caused ignition at lower
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velocities than would have been expected for squarer impacts. For JA2m with its
array of holes, a similar spalling process could happen (on a much smaller scale) in
the holes themselves causing ignition.

XM43 versus XM43m

Not perhaps surprisingly considering the results tor JA2/JA2m, XM43m was found
to be more sensitive to simulated bullet attack than XM43. For single grain impacts,
XM43 shattered but did nct ignite. For the array experiments, much jetting or
spalling of material into the interstices can be seen for both these materials with
following ignition. Again, the multi-cored composition was more sensitive due to its
holes for the reasons discussed earlier.

3.5 Conclusions

Single grain impacts at the velocities tested in these experiments do not give an
insight into the behaviour of a typical multi-grained, propellant charge. The results
of these single grain impacts suggest that the two materials are insensitive to
projectile impact at these velocities when this is clearly not the case if the materials
are tested in arrays.

Geometric arrangement of the propellant has an effect on its subsequent sensitivity
to simulated bullet attack. It is possible that close-packed arrays are less sensitive
than columned arrays as material that gets spalled off into the interstices can spread
further in the larger interstitial distance of a columned array and impact other
grain(s). This type of spall impact, where a physically unimpacted grain is ignited
by spall from an impacted grain has been observed photographically. Burning of
this spalled material will also occur because of its very large surface area to volume
ratio and because the gas in the interstices have been heated by shock compression.
In a close-packec array, the interstitial distances are smaiier by comparison and it is
suggested that although material can be spalled into these spaces, ignition is
probably due mainly to the spalled material being heated and burning on contact
with the heated gas in the interstices rather than also by spall impact onto another
grain,

XM43 fractures in a brittle manner under impact whereas JA2 can deformn plastically.
XM43 shows a greater tendency to spall and this could be associated with its lower
tensile strength. XM43 does however require higher velocities to cause ignition in
array geometries than JA2 though the difference in velocities required between the
two materials is not great. Both materials are susceptible to further shock
compression if they have alrcady been damaged though JA2 appears to be more
sensitive to this and the subsequent ignitions are more violent.

As has been shown, angled impacts can cause more severe effects with array
geometries than squarer ones. The grain experiences greater shear over a smaller
area on impact and material is jetted outwards into the interstices where it burns in
the heated gas spaces. ' 'here will always be jetting above a certain, critical contact
angle.

Multi-cored propellants are more susceptible to simulated bullet attack than their
sobid equivalents. They are also more susceptible to shock compression without
immediate penetration. The sites of ignition are the holes but in addition, the
inclusion of an array of holes appears to “build-in” regions of weakness between
these holes which have been shown to fail shortly after impact. It would be
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interesting to determine the optimum size of hole that would allow an increased
burning rate but not be (so) suceptible to shock compression.

Appendix (iii) summarises research into simulated fragment attack of cased
munitions and discusses the effect of the casing and the casing material on: the
ignition mechanisms of several different explosive compositions.

4. DROP-WEIGHT IMPACT STUDIES ON PROPELLANTS

High-speed photographic sequences of the rapid deformation (strain rates ca. 2x103
s'1) of discs cut from grains of XM43, JA2, F300/75 and LM1900 were obtained using
the drop-weight apparatus shown schematically in figure 4.1. The drop hammer has
a mass of 5.5kg and falls from a height of 1.3m. This apparatus was originally
developed by Blackwood & Bowden (1952) and has more recently been extensively
employed by Heavens, Field, Swallowe and cthers in the study of the sensitivity to
impact of a wide range of energetic materials (see the references by Heavens & Field
(1974), Swallowe & Field (1981), Field, Swallowe & Heavens (1982), Krishna Mohan
& Field (1984), Krishna Mohan et al. (1984), Field et al. (1985, 1992), & Walley et al.
(1992)). The field of view in all the sequences presented is 20mm in diameter.

Figure 4.2 shows the rapid deformation at room temperature of a solid disc of XM43.
Although the periphery of the disc becomes ragged, no deflagration was observed.
In previous (and published) work we have shown that enclosing air spaces within
propellant samples sensitized them (Walley et al. (1992)). One way of enclosing an
air space is to punch a hole in the disc. Thus figure 4.3 shows the rapid deformation
of an annulus of XM43 at room temperature. Again deflagration was not observed.
Another way of enclosing an airspace is to make arrays of discs. Figure 4.4 shows the
rapid deforrnation at room ternperature of a triangular array of small discs punched
out from the larger discs of XM43. Again no deflagration was obtained. Three other
drops on samples of XM43 were performed in this apparatus without using high-
speed photography: two were on solid discs and one was on a fraginent semicircular
in shape. Neither of the two whole discs deflagrated but the semicircular fragment
did deflagrate. So another high-speed photographic: sequence was taken of the rapid
deformation of a similar fragment (figure 4.5). But no deflagration was observed. To
summarise, seven drops were performed on XM43 at room temperature and
deflagration was observed only once.

Figure 4.6 is a high-speed photographic sequence of the rapid deformation at room
temperature of a solid disc of JA2. Deflagration can be seen starting in the frame
labelled 350us as a small dark spot. This grows rapidly, tearing the disc until finally
the gaseous products erupt from the edge of the disc at 39¢us. Another crack can be
seen growing from 420Ls onwards until it too breaks out at 476ps. Further burning
from 525us enwards produced a pronounced ‘two-fingered’ scar on the surface of
the glass anvil. Three other drops were performed on discs of JA2 at room
temperature and all produced deflagrations.

Figures 4.74.9 present high-speed photographic sequences of the rapid deformation
at room temperature of discs cut from grains of F300/75. These grains have a
hexagonal array of burning holes which on past experience were expected to
sensitize the propellant in this impact configuration. Two of the three sequences
show strong deflagrations but it is not clear that the deflagrations started from the
site of any of the collapsed holes (see the frames where overwriting produced
double exposure of the initial and final states). One of the three (figure 4.9) did not
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produce a -leflagration. Three more drops were performed without high-speed
photograplLy. In all three cases, one or other of the glass anvils smashed part way
through the deformation. No deflagrations were obtained in these extra three drops
and it is possible that this was due to release of pressure before ignition caused by
the breaking of the anvils.

Figure 4.10 is a high-speed photographic sequence of the rapid deformation at room
temperature of a disc of LM1900. Again this has a he'ragonal array of burning holes.
These can bie seen to close up during deformation aj:pearing as dark spots (instead
of light ones) in the frame labelled 525us. Deflagration can be seen to have started in
this frame just below one of the burning holes. By 560us the burning hole it was
close to has opened up and another burning site has started close to one of the other
holes. At 630us the central burning hole has started to open up and at 700us a fourth
hole starts. All four burning sites continue to deflagrate throughout the deformation.
It should be noted that unfortunately the bottom eight fraines were mounted
wrongly: they are rotated by 90° counterclockwise with respect to the upper eight
frames.

Another way of sensitising propellant compositions whose binder undergoes a glass
transition is to cool them below their glass transition temperature (Walley et al.
(1992)). JA2 and XM43 were tested in this apparatus at liquid nitrogen temperatures.
Figure 4.11 is the sequence obtained for JA2. The deflagration was stronger than any
of the ones obtained at room temperature. Unfortunately the camera triggered late
so the initial fragmentation of the disc was not captured. The strong light emission of
the deflagrating powder can clearly be scen. An attempt was made to obtain a
similar sequence for XM43 but this was unsuccessful. The XM43 did not, however,
deflagrate at this low temperature (one drop).

TABLE 4.1
Statistics on propellant discs at room temperature

Composition Number of drops Number of
deflagrations
XM43

JA2

F300/75
LM1900

=N o N
[ N Y
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Figure 2.2, Compuler generated finages of sample #4, loaded in configuration 1.
Loads (0) 0.8 kg, (b) 7:3.35 ke, () 907 kg, (d) 102.0 kg, () 111.4 kg, (f) 102.25 kg
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Vigure 2.6. Computer generated images of sample #9, loaded in configuration I1.
Louds (@) 0.0 kg, (1) 55.2 kg, () 71.75 kg, () 84.5 k3, (¢) 85.5 kg,
(f) 75.0 kg (during unloading)
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Figure 2 7 Photcerashic inages of sample #3, loaded in configuration 1.
Loads (@) 0.0 ks, (0 75 ke, ) 9 ke, (1) 105 kg, (0) T10kg, () 0 kg flor unloading)



Figure 2.8. Photographic images of sarnple #2, louded in configaration I1.
Loads (@) 0.0 kg, (b) 60 kg, (c) 72 kg, () 80 kg, () 86 kg, (1) O kg (after unloading)
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Figure 2.9. Photographic images of sample SP#2, loaded in configuration I11.
Loads (a) 0.0 kg, (b) 75 kg, (c) 83 kg, (d) 95 kg, () 118 kg, (f) 134 kg
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Figure 3.1 Photograph of the larget arrangement showing propellant
grains confined and it a close-pucked array.
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Figure 3.3 Photograpin of the types of qun propellunt tested for comparison.




9000202050500, e esesosooosa ottty
%, Q"o’o’o’o’o’o’o ?’o’o’o 038,
& 2350505009 e tereet
X SRS 0"‘:‘.’:’0’003’:’:’0‘:‘:
200NN

Sample Ao Imacon _éa_‘n_{era
Full-silvered — Tr
mirror Tt / \
|
L

-silvered K _
H?If ! Photodicde
mirror

detectors

He-Ne iaser

Barrel

i ?‘f

Breech

Solenoid valve

Reservoir

Figure 3.4. Schematic diagram of experimental arrangement
for simulated bullet attack.
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ram of the dropweight apparatus modified for
W, weight; M, mirror; G, glass anvils;, P, prism.

Fig. 4.1 Schematic diag
high-speed photography.



Figure 4 2. Selected frammies from a high-speed photegraphic sequence of
the rapid deformation of u wisc of XM43 at room temperature.
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Figure 4.3. Sclected frames from a high-speed photographic sequence of
the rapid deformation of an annulus of XM43 at room temperature.
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Figure 4.4. Selected frames from g high-speed photographic sequence of
the rapid deformation of a triangular array of XM43
at room temperature.
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Figure 4.5. Selected frames from a high-speed photographic sequence of
the rapid deformation of a semicircular fragment of XM43
at roum temperature. 'The first frame shows overcoriting.
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the rapid deformation of a disc of JA2 al room temperatire.
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Figure 4.7, Selected frames from o high-speed pholographic sequence of
the rapid deforsuation of a disc of E300/75 at room temperature.
The first and last frames show overawriting,
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Vigure 4.8. Selected frames from a higl-specd photographic sequence of

the rapid deformaiion of a dise of F300/75 at room tewmperatur.,
The fivst frane shows overwriting.
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Pigure 4.9 belected frames from a high-speed photographic sequence of
the vapid deformwlion of w dise of F300/25 at room temperature
The first frame shows ooeroriling.
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Vigure 411, Selected frames from a high-speed photographic sequence of
the rapid deformation of a disc of JA2 at liguid nitrogen
femperatures. The camera triggeved late, so the frame labelled
"0 is not the true beginning of the deformation.
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OPTICAL TECHNIQUES FOR STRENGTH
STUDIES OF POLYMER BONDED EXPLOSIVES

H.T. Goldrein, J. M. Huntley,
S. J. P. Palmer, M. B. Whitworth,* and I. E. Field
Cavendish Laboratory, Madingley Road,
Cambridge CB3 OHE, lfl\

digital speckle pattem interferometry.

Optical stain measursment techriques have two significant advantages over
conventional strain gauges: they provide whole-field information, and they can be
non-contacting. Three techniques have been developed for both quasi-static and
dynamic studies of polymers, polymer bonded explosives (PBXs) and
propellants: laser speckle photography; high resolution moiré photography; and

INTRODUCTION

The mechanical testing of materials
conventionally involves the use of strain gauges or
extensometers attached to the specimen to measure
deformation. Exiensometers provide an average
value over a large section of material, while strain

auges provide a local measurement. Both methods
involve attaching devices to the sample, and this
often has a significant effect on the sample itself. It is
also usually necessary to work with quite lerge
samples (of dimension, say, a few cm) w be able io
achicve a mecasurement.

When working with PBXs or propellants in
particular, it is often useful to be able to siudy
~uller samples (to minimise hazard risk), and to be

(0 measure strain with a non-contacting method.
ror these reasons the three techniques of laser
speckle photogruphy, high-resolution moiré
photography and digital speckle pattern
interferometry have been deveiloped and applied to a
varicety of systems.

LASER SPECKLE PHOTOGRAPHY

This is a well-established techaique! and is the

~est of the three described here, though it
avolves substantial analysis to extract displacement
and strain fields.

The slightly rcugh surface of the sample is
illuminated by an expanded las2r beam. The
specimen appears speckled, due to hight scattered
from points on the specimen surface interfering with
light scattered from nearby points constructively in
some places, und destructively in others. Since these
speckles are artefacts of the surface relief, if the relief
features move, so too will the speckles. Thus the
speckles can be used as markers with which to
measure surface displacement.

‘The tensile strength of the material is ther
calculated from

A double-exposure photograph of the speckle
pattern on the surface of the specimen is taken, with
one exposure before, and one after the sample is
deformed. On the developed film, many pairs of dots
are visible, the separation of the dots in cach pair
giving u measure of the in-plane displacement vector
at that point on the sample. If a point un the film is
now illuminated by an undiverged beam of laser light,
then a classical Young's fringe pattern will be
producird. This diffraction pattern is digitised, and

rocessed by computer (by a two-dimensional fast-
ournier transform) to calculate the spatial frequency
and orientation of the fringes.? This enables the local
displacement vector at the Foinl probed by the laser
beam to be derived. The film is then moved (also
under the control of a computer) so that the
displacement at many points on the film can be
detcrmined. Typically, scveral hundred such frnge
patterns have to be processed for each speckle
photograph, and there may be many photographs in
cach decformation experiment. We have recently
developed a parallel processing systemm which ran
analysc a fringe pattern in 160ms, and onc
photograph in under a minute.?

Applications

For small samples of explosive, it is convenient
to cerry out mechanical testing in the Brazilian test
geometry, 43 as illustrated in figure 1.

The test involves the diametral compression of a
disc of PRX approximately 10mm in diameter. The
sample fails in tension across the line of
compression. In this test, the upper anvil is moved
downwards at s constani rate of 0.83um s which
gives rise to a straining rate of ca. 10757,

Now at FMBRA, Rickmansworth Road, Chorleywood,
Hertfordshire, W3 5SH, UK.
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where P is the failure load, b is the contact half-
width of th:: anvils, and D, R and r arc the diameter,
radius, and thickness of the specimen respectively.

The validity of this equation is based on the
assumptions that failure occurs at the point of
maximum tensile stress (that is. at the centre) and
that the compressive stress has no influence on the
farlure,

rield of
View

FIGURE 1. BRAZILIAN TEST GEOMETRY

With such a small sariple, and with a typical
strain-to-failure of a PBX uf order 1 millistrain, the
displacements which must be measured are only a
few microns. The laser speckle technique can
measure displacements across the whole of the
specimen to an accuracy of betier than 0.igm, and is
non-contacting. For these reasons it has proved to
be a useful technique for routine testing of PBXGs.

Application 1 - Mechanical Testing of PBXs

Figure 2a,b shows the w, and u, displacement
components of a sampic of PBX, (X-0344,
composition TATB/HMX/Kcl-F 8030/dye in the
proportions 71.1/23.7/5.0/0.2% by mass}, supplied by
the Los Alamos National Laboratory. The sample
dimensions (D »1) were 6.5x2inm, and the sample
had been under load in the Brazilian test for 270 s.
The contour spacing is 0.5um in figure 2(a), and
1.0pm in figure 2(b). The region illus'rated
corresponds to the square in figure 1. From e
displacement fields illustrated in Figurc 2, the strain
fields can be deduced by numerical differentiation.
The tensile strain distibution £, at the centre of the
same disc under increasing load is illustrated in
figure 3. Plates (n)~(d} represent £ at 108, 162,
216 and 270 s respectively. The contour spacing is
0.25 millistrain. Strain at the centre of the sample can
be meascred frem these maps, and stress can be
calculated frem the load measured by a load cell in
the testing machire. Thus stress-strain curves can
be ploticd as illustrated in figure 4.

Application 2 — Perforated Propeilant Grains

A second illustration of the technigue is the study
of inert sanuples supplied by the United States Army
Research Laboratory at Abcrdeen, of perforated
propellant grains, in order 10 study the contribution of
the hexagonal array of bumm holes to the mechanical
properties. The sample was placed between twe flat
anvils, with its circular face (containing the array of
burn holes) lying in the plane of the anvils. The
specimen was loaded in compression by moving the
upper anvil at a constant rate of 0.83ums™ up to a
maximum load of 40kg. The field of view is illuztrated
in figure 5.

FIGURE 2. u, (a) AND u, (bj DISPLACEMENT

COMPONENTS OF X-0344 UNDER LOAD IN
THE BRAZILIAN TEST
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FiGURE 3. TENSILE STRAIN DISTRIBUTION g,
AT THE CENTRE OF A DISC OF X-0344
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FIGURE 5. LOADING GEOMETRY FOR
PERFORATED PROPELLANT GRAINS.

In the displacemznt maps which appear as figure
6, it can be seen that strain 15 beguining to build up in
the region undcr the anvil, the compressive strains
here being approximaiely 2.0 millistrain. The u, plot
also shows some stress concentration between the
burn holes.

Application 3 — High Speed Speckle Photography

The previous applications have all dealt with
quasi-static deformation of the sample. It is alsc
possible to use speckle photography to record
dynamic deformation events. A Beckman & Whitley
189 Jotating-mirtor high-speccd camera and Eulscd
ruby laser have been modificd for such e study.

A pulse of lighi from a small flash tuoc placed
inside the camera is arranged to illuminate a
photodiode at the edge of each of the 25 rela; lenses
in the camera. This can only happen when the
rotating mirror is peinting directly at the appropriate
frame. The photodiodes then repeatedly Q-switch a
ruby laser, whick lluminates the sample, and records
a speckle paitern, The camera is run once with the
sample stationary, and once with the event in
progress, thus double exposure speckle pliotographs

are produced. These arc then developed and
analysed as before.

8.80F
0.9 1.08 2,80 3. %
(G YD I VN WU BRI DU NI U S
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6.80 i.080 2.0 3| 3%
FIGURE 6. CONTOUR PLOTS OF IN-PLANE
DISPLACEMENT COMPONENTS u, (a) AND &,

(b) AT A LOAD OF 31.9 kg

- 70mm »

-
/

neoprene © stect ball

FIGURE 7. SPECIMEN GEOMETRY
FOR BALL IMPACT EXPERIMENTS.

In this example, experiments were carried out to
measure the displacemert field induced in a plate by
solid particle impact. Figure 7 illustrates the
geometry. The specimen was machined from a 6 mm
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sheet of cast polyracthyl inethaciylate (PMMA). The
projectile, a 2mm steel baii impacied with a velocity
of 115410 ms™.

The results giving the horizontal displacement
field from this experiment are illustrated in figure 8.
The intesframe time is 1.65 s, the field of view is
14 x 5.5 mm?, and the contour interval is 2 pm.

HIGH RESOLUTION MOIRE PHOTOGRAPHY

When two gratings are superimposed. beating
between the gratings gives risc (o a so-called moiré
fringe pattern. In experimental mechanics this effect
is used to measurc in-plane displacements, out-of-
plane slope, and surface form.” For example, in-plane
dispiacernents are determined by bonding a graiing to
the specimen surface. The, fringe pattern formed by
superimposing a statonay reference grating, either
by direct contact or by imaging through a rclay lens,
then represents a contour map of the displacement
component perpendicular to the erating lines. The
sensitivity (i.¢. fringe contour interval) is equal to the
pitch of the specimen grating: with conventional
moiré photography the maximum practical grating
frequency is around 40 lines mm-! (/ mm=-1),
corresponding to a sensitivity of 25 pm fringe-!1. In
the high resolution moiré technique®® a masked lens
is nsed to image the specimen grating. The lens and
mask are designed to operate at a magniﬁcauon of
1:1, with a frequency of 150/ mm=-" in both the
:Eecimcn and image planes. Real time fringes are

en recorded with a high speed camera allowing
displacements to be measured with a sensitivity of
6.7 pm fringe-!, and with microsecond time
resolution. This masked lens is illustrated in figure 9.
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FIGURE 9. OBJECTIVE LENS WITH SLOTTED
MASK FOR IMAGING HIGH FREQUENCY (150
LINES MM-1) SPECIMEN GRATINGS

Figure 10) shows the imaging system used. The
masked lens (OL;) images the specimen grating
(SG) onto the reference grating (RG), forming rcal-
time moiré fringes, which are recorded by a high
speed camera (HSC), an Imacon 792, lllumination is
provided by a Xenou flash lamp (X) and beam-
splitter (BS). FL, and FL; arc field lenses. The
theory of fringe formation is described in reference 9.
Thes specimen grating is a thin refiective phase
grating, formed either in epoxy resin, or {for low
modulus samples) silicone rubber.

‘The recorded patterns are digitised and then
analysed by computer, using & 2-D Fourier transform
techniquedd,
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One problem 10 which the high resolution moiré
photography technique h»s been applizd is the study
of dynamic fracture of .. rectangelar PMMA plate
containing a long craci. When loaded by a tensile
stress pulse along one edge, a dilataiional pulse
cnters the plate, trailed by shear waves which
initiare ct the plate edges as the pulse passes. High
resolution moiré photograpny has been used to
measure the displacement field in the vicinity of the
(stationary) crack yip as the pure dilatational pulse
passes. Figure 11 shows the high resolution moiré
fringe patterns recorded by a high speed camera over
a 25 mm x 25 mum field of view centred on the crack
tip. The first fringe pattern was recorded only 10.5 ps
ngcr the arrival of a dilatational pulse incident from
the left. Thus little displacement has occurred, and
the fringes are only slightly modified from the
mismatch fringes. Towards the end of the sequence,
the fringes become more closely spaced. indicating
increasing tensile horizontal strain (£53). The
interframe time is 5 ps.

@ X

SGH., BS 0L RG F12 Ol

FIGURE 10. EXPERIMENTAL ARRANCEMENT
FOR HIGH RESOLUTICON MOIRE
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FIGURE 11. MOIRE FRINGE PATTERNS
OBSERVED AT THE CRACK IN A PMMA PLATE
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~ The horizontal component of the in-plane
displacement field has been calculated as a function
of time from these fringe patterns and from the

coiresponding mismatch fringes; it is shown in figurc
12 as a sequence of contour maps, where dimensions
are in mm, and the coniour heights are in pm. The
magnitude of the strain field can be seen to increasc
rvil‘ljl time from the initial application of the dynamic
oad.
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FIGURE 12. CONTOUR PLOTS OF THE
HORIZONTAL IN-PLANE DISPLACEMENT
COMPONENT OBTAINED FROM ANALYSIS OF
FIGURE 11.

From these displacement fields, the mode-]
stress intensity factor K,* can be calculated. It was
compaied with a theoretical solution based on a
strain-gauge record of the input stress profile and the
expected response for step pulse loading of an elastic
plate. ‘(he predictca and measured K values are in
agreement to within § 10 10%.

Application 2

A second example is given bLiy expsriments
carried out to investigate the effect of impact by
rectangular projectiles on composite disc specimens,
The discs simulate 2-D sections thiough artillery
chells. The discs are 5 mm thick and consist of a
central polycarbonaic region with a diameter of 15.9
mm, 19.1 mm, or 22.2 im, surrcunded by a copper
ring of external diameter 25.4 mm and wall thickness
i.6 mm. The intervening region was filled with a
silicone rubber liner. Epoxy reflection gratings were
spplicd to the polycarbonate region, and the aim was
to measure the level of strains that were preseni in
the polycarbonate region for different thicknesses of
ruober. Phosp! nr bronze projectiles were fired by
means of & rect...gular bore gas gun, giving projectile
velocities of 56.0 & 1.1 m s-!. High speed sequences,
corresponding to each of the rubber lﬁcknesses were
recorded. By way of example, figurc 13 shows the
19.1mm dise with a rubber thickness of 1.55 nim. The
impact occurred horizontally from the left; the
ﬁratings were veriical 50 the fringes represent the

orizontal dicplaceinent component, and compressive
srriins show up as & decrease in the fringe spacing,
Witls a specimen grating frequency of 150 lines min !,
the sensitivity 1« 6.7- pm fringe-!. Only the central
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polycarbonate region is visible. The interframe time shown in figure 14, where the contour interval is Z
15 5 us. A compressive stress wave can be seen um. Though not all the results are shown here, thesc
entering the polycarbounate from the left, crossing the experiments demonstrated the substantial reductior.
disc in approximately !5 ps. Figure 13 was analysed in strains which can be achieved through the use of a i
by ihe Fourier transforrm method, and the liner.
* displacement ficld measurcd from the eight frames is

il

FIGURE 13. HIGH SPEED MOIRE SEQUENCE OF A COMPOSITE DISC UNDERGOING SLIDER
iMPACT FROM LEFT TO RIGHT. INTERFRAME TIME = Sys.
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FIGURE 14. CONTOURS OF HORIZONTAL DISPLACEMENT COMPONENT FOR THE HIGH SPEED
SEQUENCE SHOWN IN FIGURE 13. CONTOUR INTERVAL = 2um.



DIGITAL SPECKLE PATTERN
INTERFEROMETRY

In digital speckle pattern interferometry, the
sample is illuminated by two coliimated beams of
light as shown in figure 15. The resulting pattern of
illumination is a set of cosine-squared fringes,
modulated by a speckle pattern which is formed as
described earlier. The camera of an image-processing
sysiem is focused on the surface of the specimen to
observe these patterns. The fringe spacing is
A/(2sina) where A is the wavelength of light being
used, 633nm in this case and a is the angle of
incidence. If « is approximately 20° then the grating
spacing is approximately 1um. This is too fine for the
camera to resolve and only the speckle pattemn is
visible,

If the sample is subjected to an in-plane
displacement, then the speckles move as has already
been noted with speckle photography. Howcver, as
the points contributing to their intensity move across
the fine cosine grating, the intensity of the speckle
will also vary sinusoidally at the grating frequency . If
a speckle moves by I1pm, then it will change from
bright to dark, and then to bright again. If the phase
angie of the speckle along this sinusoid can be
determined, then so too can the motion. There are
three unknowns in this determination: the minimum
intensity, the maximum intensity, and ihe phase
angle, so one observation will not yield sufficient
information to determinc the phase uniquely. To
provide this extra information. the length of one arm
of the interferometer is altered by known fractions of
a wavelength using the phase modulator shown in
figurc 15 and at least three measurements must be
made. A sensitivity of order tens of nanometers is
possible.

Armoued Optical Fibre,
with ipegral lamnching lens

l Phase Modulatar

FIGURE 15. OPTICAL ARRANGEMENT FOR
SPECKLE INTERFEROMETRY

The main disadvantages of this are that at least
three phase-stepped images must be acquired
between which the specimen must not undergo any
significant motion, so restricting the method to
quasi-static tests, and that only one component of
displacement can be obtained.

Applications

Brazilian tes! experiments were performed cn
inert PBX simulants in order 10 compare the effect of
the polymer binders on the mechanical properties. The
interferometer was configured to measure horizontal
in-plane disPlaccmcnts with a sensitivity of 0.433
um fringe-!. The Brazilian test loading g was
started, and phasc-stepped speckle patterns were
recorded every 25 s during the deformation. A
sequence of such incremental phase maps for a
composition with an hydroxy-terminated

lybutadiene binder is shown in figure 16 in which

lack represents phase values of -x, and white is +x.
Each map shows the change in horizontal
displacement component that occurred in the 25 s
between successive exposures. One fringe
corresponds (o a phase change of 2% and » relative
displacement of 0.433 um. The initial fringes are
essentially horizontal, indicating rigid body rotation
of the disc. Tensile strain in the horizontal direction
is proportional to the phase gradient in the x
direction; the build-up of strain at the centre of the
disc is clear from the tilting of the fringes to the
vertical in that region. In the last frame the phase
map has become very roisy at the centre of the disc.

Fi P E MAPS
PBX IN THE BRAZILIAN TEST




We believe this to be due to fracturing of the
specimen, giving rise to excessive displacement and
surface tilt, and hence to speckle decorrelation

.Subsequent analysis involves phase unwrapping
(i.c. removal of the 2n phas¢ discontinuities) and
numerical differentiation to calculate strain fields.
Figure 17 shows maps of & calculated from the
frames of figure 16. The contour interval is 1
millistrain.
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FIGURE 17. STRAIN MAPS DERIVED FROM
FIGURE 16
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explosive
mechanisms,

The mechanisms which, under simulated fragment attack, can Iead to 1gritien in
sections of cased charges have been studied using high-iﬁoed photography. The
front-end Feomctry and velocity of the projectiles, the ¢

illing of the target were altered to determine their effect on these

asing material and

INTRODUCTION

The response of cascd munitions to high velocity
impact is an area of major concemn 10 weapon designers.
The impact, caused by bullet or shrapnel fragment
during either intentional or accidental attack can elicit a
variety of respenses from the munition, The most
violerit response is the prompt shock initiation of the
explosive tilling, leading to detonation of the whole
charge. If the shock pressure resulting from the impact
is not high enough o shock initiate the charge, it may
nevertheless penetrate the casing and cause ignition of
the charge within. This may or may not be followed by
a deflagration-to-detonation transition (DDT),
depending upon the degree of confinement, which will
in any case have been reduced by the impact, and the
nature of the explosive filling. The impact, whether it
penetrates the casing or not, may not cause a sustained
ignition of the filling though it is still possible that the
damage which results from this impact may increase the
sensitivity of the charge to furthei impacts.

The series of experiments detailed here address the
problem of obscrving inside u cased charge whilst it is
undcrgoing simulated fragment attack at impact
velocities below which shock initiation is caused.
Shock initiation mcchanisms have been extensively
investigated due to the seriousness of response. Early
work by Dewey and Slade! and Brown and Whitbread?
using right circular cylinders fired at bare and lightly-
covered explosives, impacting on the flat end of the
cylinders, showed that the critical velocity for initiasion
of the sample was independent of the length of the
projectile, as long as the length was greater than about
half the diameter. If the matenial of the projectile was
changed, then the criticzl velocity vas altered so that
the impact shock pressure remained constant.

If the churges were more heavily confined, Howe er
al? found that shock initiation did not always explain
+ the detonation thresholds that were observed, and that
the length of the projectile was important when

considering explosive fillings such as TNT, where shear
effects were also found to contribute to the initiation
process.

Cook et al.4 have carried out much work in this
arca, particuiarly on the effect of the charge casing on
the munition’s response. They have shown that for thin
barners of steel and aluminium, it is possible to model
initiation using a modified 1-D critical energy-per-unit-
arca criterion, but that for initiation through thicker
barriers, this model is not applicable. Liang ef al.’ used
the DEFEL 2-D finite element dynamic code
incorporating the Mic-Gruncisen equation of state to
calculate the pressure and temperature distributions
within explosive charges impacted by flat-ended
projectiles. They found that shock initiation mech-
anisms were dominant for bare charges, but that for
heavily confined charges, viscoplastic heating of the
explosive was important and that adiabatic shear band
heating ia the explosive near the periphery of the plug
was a possible ignition mechanism,

Using thin barriers, Haskirs ¢z al.®, in projectile
altick trals on PE4, investigated whether altering the
front-end projectile geometry affected the critical
veiocity for initiation. They concluded from theoretical
and experimental results that flat-ended projectiles,
which transmit a 1-D shock iato the explosive, were the
most efficient at causing initiation. Projecules with
conc angles of less than ~120°, which have a subsonic
contact periphery velocity, and flat-ended projectiles
impacting thick barricrs, produce divergent shocks in
the explosive matcrial and are therefore less efficient at
causing initiation, They also investigated the effect of
charge-linzr matcrials and found that rubber liners
rcduced the impact shock, providing the rubber's
Hugoniot curve fid not lic between that or the casing
and ihe explosive

At impact velocities below the shock initiation
taceshold, there is the possibility of the charge
undergoing a wide variety of reactions irom DDT 1o

.-
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sicochet of the projectile with no apparent reaciion.
Although the hazard will generaily decrease with
lowering impact velocity, any response, from DDT to
burning leading to case venting, muy be transmitted to
other munitiors stored in close proximity. The initial
impact may thas cscaiate from a smail-sczale ¢vent into
a more devastating large-scale accident. Much work
has been carried out by Boggs e al.7 into quantifying
the range of respouses a munition may exhibit under
various stimul, including bullet and fragmen? attack, so
that a mechanistic understanding of the reactions and
predictive capability covld be achieved for a given
munition. Whilst most of the rescarch cffort has
understandably been concentrated on the most
hazardous SDT and DDT responses, the aim of the
experiments detailed in this paper was to invesiigate
and understand the mechanisms which cause ignition of
the charge in the first place. Further responses were
notcd but are not the primary interest of this work.

EXP.:RIMENTAL

There are a number of putative mechanisms for
ignition, including heating due to rapid viscous flow
ahead of the projectile, adiabatic shear band formation
and heating of the explosive filling in contact with the
points of casir:g failure. In order to isolaw the cffects of
these mechanisms, various paramcters and conditions in
the experimental arrangement were altered. High-speed
photography was used to observe directly the ignition
sitcs and give a photographic insight into the ignition
mechanisms.

‘The front-¢nd geometry of the impacting projectile
was varicd in three ways to alter the flow conditiors
and shear stresses ahead of ihe projectile.  The
projectiles were either flat-ended, kemispherical-ended
or 30" cone-ended (seec Table 1). A flat-euded
projectile would be expected to cause shear failure of
the casing and push the plug of casing ahcad of the
projectile 1t the explosive. This geometry was also
expected o cause the highest amount of shear stress and
viscous flow in the filling. At the other extieme, a 30
cone-ended projectile shouid cause tensile failece of the
casing, Tollowed by penetration of the filting by the
pr())cc.ula and the defonned poeints at casing traciure, In
the case of the hemispherical-ended projectile, the

casing should undergo tensile and shear failure undcer
impact and the explosive filling would be affecied by
shear stresses and rapid viscous fiow ahcad of the
projectile though to a lesser extent than for the flat-
ended projectile.

In order to isolate the effect of whether the casing

{racture surfaces cavse ignitions in the =xplesive, the
casing of the target was cut at the projectile entry point,
leaving eflectively a bare charge. The targets were then
tested for their respouse 10 the three types of projectile.

The effect of casmg material (see Table 2) was also
investigated by using both conper and steel. Due to the
different 'phys.lcal propertics of these two mat<rials and
their different modes cf failure (copper undergoing
ductile failure at higher strain rat:s than steel, which is
more prone to brittle fracture) it was thought that the
casing material may alter the Jikelihood of ignition.

Voids were introduced between the casing and the
filling and at varying distances from the casng within
the filling to assess their effect on the seusitivity of the
target to ignition. Thesc voids were included to
simulate the effect of voids occurring in charges
through debonding from the casing and imperfect
processing.

The impact experiments were performed using a
single-stage, twin-solenoid operated gas-gun with
helium gs the propellant gas because of its low
molecalar weight. The gun barrel was 2 m long and of
13.2 mm bose. The projectiles were msde of silver
stecl (density 7.8 g cm ‘) and sabot-driven o kecp the
mass of explusive 10 a minimum to comply witl: safely
constraints. The sabots were made of nylon 606 rod
(Jensity 1.1 g cm3) with a recess for the grojectile at
the front and material 1zamed out at tae rear to reduce
the weight of the cosnbiration, as shown in figure 1.
The projectile wes fired ot the targst at velocities in the
range 350 to 650 m s-'.  Although the flat-ended
projectile imparts u shock into the explosive filiing, it is
below the critical shock initiation pressure and therefore
shock initiation was not expected to accur,

In aduition tn varying the front-end geometry of the

TABLE 1. FRONT-END GEOMETRY AND DIMEMSIGNS OF PROJECTILES

front-ead geomeiry uiameter (mm) length (m.;.‘p mas: ()
flat 5.2 16 26 |
| hemisphencal 5.2 16__“ 2.4
) cone - 5.2 20 _ 23

TAHBLE 2. PHYSICAL PROPERTIES OOF THE TARGET CASING MATERIALS

pe e s

{ therruil | apecific heut )

casing mateyiul l deryity Young's modaluy 7 conauctivity cupraciry
(g cmd) {GPa) ) sl mlK) (T kgt X 1)
cnppex R.Y1 130 D 3%0
sicel (mild) [ 7.86 210 50 470
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FIGURE 1. SCHEMATIC DIAGRAM OF THE
SABOT-PROJECTILE COMBINATION,

projcctiles, the impect velocities were varied to
determine whether differeat mechanisms become more
dominant ¢ different velocitics.

There were 5 types of explosive filling used as
targets. as detailed in tabic 3.

The targets were !9 mm diameter x 6 inm thick
discs of explosive, encased by 1.5 mm of either copper
or mild steel and sandwicked between two 10 mun thick

locks of polycarbonate, as shown in figurc 2. The
blocks also acted as sabot strippers, although as a resuls,

TABLE 3. TARGET FILLINCS.

compaosition (wt %)

, densi rz
explosive 3)

(g cm
P4 RDX (88% )Y grease (12%) ] 1.60
cyclotol | RDX (60%)/TNT@0%} |  1.68
wctol | HMX(O%YTINTO0R) | L&Y

1X-14 HMX (95 5%)estane | 1.8
(4.5%)
[ pox HMX (88% )/binder 1.74
i (12%)
8pACCrs

gxl: }(;niye-
ed ring ~

nylon
sabot

stoel
projoctale

-

polycarbunate hlocks

FIGURYE 2, SCHEMATIC DIAGRAM OF THE
TARGET ARRANGEMENT,

spncer\\ 6 ram

1.6 mn ;
metal plate™==3

FIGURE 3. SCHEMATIC DIAGRAM OF THE
PROJECTILE PENETRATION TARGET
ARRANGEMENT.

n second shock was imparted to the explosive on impact
of the sabot. The effect of this impact is clearly visible
in somc shots, but since it occurred at least 15 ps after
the projectile had impacted, it had no effcct on the
initial ignition mechanisres.

Projectile penetration experiments, to determine the
amount of kinctic energy lost by the projectile in this
process, were elso performed on sheets of copper and
stecl of the saine thickness as the target casings. These
cxperiments were performed using metal sheet/air
pap/metal shect and metal sheet/cyclotol/mctal sheet
arrangements for comparison (sce figure 3).

The velocity of the projectile was mneasured by
trming it between two laser heams a known distance
apart. ‘The timer was connected to an wp-down counter
which was used 10 fire the camera at the correct time,
irrespective of projectile velocity.

The impacts on targets were recorded using an
Imacon 792 camera operating in framing mode, with
framing ratwes of batween 5 x 104 and 1 % 100 frames per
sceond, and those for the projectile penetration
cxperimenis using an Imacon 790 i streak mods at
1100 us mnl, In addition, an IMCC Ultranac camera,
with programmable indcr{rame and cxposure times, was
uscd for seme of the cyciotol fitled target experiments,

EXPERIMENTAL RESULTS
Projeciile penetration of steel and copper casings

At the impact velocities in this stedy, the flatended
projectiles produced sufficiently high shear strain rates
in both metals to shear out a plug of cesing, with
initinlly rely ively litle defonnation of the surrounding
material  Figure 5 shows & steel projeciile penctrating
an unfilied copper casing, with the plug {p) cleaily
visible eftr peaciration, Phnmgrurhs obtained ef the
samie event with a steel ring were almost identical, and
examination of the vings snd plugs afterwards
confirmed that the failure was very similar in the two
cases, although the subsequent deformation arsund the
point of fatlure was rather greater for the copper rings.

A —— .
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FIGURE 4, SCHEMATIC DIAGRAM OF THE EXPERIMENTAL ARRANGEMENT.
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FIGURE 5. FLAT-ENDED PROJECTILE IMPACT OF AN UNFILLED COPPER CASING AT 400 m ! .

(FRAMING RATE 2 x 105 fps)

With poinwed projectiles, the strain rates in the metal
during penctration are far less than for the flat-ended
pn()jiccl.i es. The copper casing undergoes ductile failune
and the projectile emerges rclatively undamaged.
However, the harder steel casing causes the point to be
deformed by the initial impuct, and it does not smvive
the. penetration, emerging with a rounded profile as
shown in Figure 6.

Hemispkerical-ended projectiles impacting coppar
led to predominantly ductile failure on penetration, with
a thin layer of copper being stretched gcross the front of
the projectile. On impacting mild steel, the penetration
occurred by plugging, with a wetl-defined plug of steel
being removed in a similar manner 1@ that seen with the

flat-ended impacts. This may involve a combination of
ductile and adiabatic shear tailure.

From streak photographs of the penctration of flat-
ended projectiles through steel and copper plates, the
kinetic encrgy lost in the process was estimated.  Steel
projcctiles of Z.5g impacting 1.6 mm sicel plate with a
velocity or 500 m s'! were estisnated to kave sost 100 )
of kirctic energy. 1 this encergy is deposited
adiabatically into a thin region (~ 50 i) of shear band
at ihe cdge of the prug, then an initial temperature rise
of greater ihan 2000 K would be achieved, and although
.5 would b quenched very quickly by conduction into
the Lady of the plug, it might by e:pected to constitute
& viable ignition source for the explosive within,
Repeating these tests with erplosive sandwiched
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FIGURE 6. 30° CONE-ENDED PROJECTILE IMPACT OF AN UNFILLED STEEL CASING AT 400 m s-!,

(FRAMING RATE 2 x 10° fps)
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FIGURE 7. FLAT-ENDED PROJECTILE IMPACT OF A COPPER-CASED LX-14 TARGET AT 506 m s'i .

(FRAMING RATE 2 » 105 fps)

between the plates enabled the amount of energy lost by

¢ projectile ir passing through the explosive layer to
be calculated. For a cast cyclotol composition, this was
of the order of 10 - 20 J mm-1.

Ignition tests on explosive compositiony

Table 4 shows threshold flat-cnded impact
velocities for observed ignition sites for the
compositions tested. Values are given for both bare and
cased charges. Where ignition was not obsevved in the
high-spced photographs, the composition was usually
s 'overed unbuined from the tcsi-box,

Subscquent experiments, to ebserve different types
of ignition mechanism, were mostly restricted 1o
cyclotol, octol and LX-14, which had thc lower
threshold velocitices.

Effect of projectile front-end geometry

Above the threshold velocity for flat-ended
projectiles quoted in tuble 4, similar ignition sites were

readily observed in the cyclotol, octol and LX-14
compocitions in the absence of any voids. The main
source of ignition appeared to be due to the rapid flow
of the explosive around the front of the projectile, with
additional reaction sometimes seen associated with the
compressive wave moving ahead of the projectile into
the surrounding material. Figure 7 shows reaction in a
target of LX-14 and the outbreak of burning (b) in the
damaged material shead of the projectile, together with
some possible ignition hehind the compressive wave
front (c). There is further ignition at the failed edge of
the casing on impact of the sabot (frame 3). Therc docs
not seem (o be ignition associated with the initial failure
of the casing.

Figure § shows a similar impact on a target with cut
a1d removed casing, and the ignition is very similar to
thut obscrved in the fully cased sample. The bright
flash of light in frame 4 is probably due to compression
of air trapped under the cnj) of the casing by the satot.

Further ignition due to sabot impact is apparent in

TABLE 4. THRESHOLD VELOCITIES FOR FLAT-ENDED IMPACTS

Threshold velocity (m s-1)
Composition Copper Steel B. Contments
PE4 > 610 > 610 > 610 some ignition with voids
cyclotol 530 550 520
octol 550 - 540 tests in steet inconclusive
LX-14 400 - < 500 not yet tested in steel o
PBX > 580) > 580 > 580 not yet tested with voids

-
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FIGURE 8. FLAT-ENDED PROJECTILE IMPACT OF A CUT COPPER-CASED 1.X-14 TARGET AT

506 m s'!, (FRAMING RATE 2 x 105 fps)
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FIGURE 9. FLAT-ENDED PROJECTILE IMPACT OF A COPPER-CASED OCTOL TARGET AT 570 m s°! .

(FRAMING RATE 2 x 105 fs)

some of the high-speed photographs. Figure 9 is a
sequence showing a flat-cnded projectile impacting a
cased sample cf octol, taken wsing an IMCO Ultranac
image converter camera.  The sabot impact occurs in
frame 3. 'n the later frames, two regions of buming are
clearly visible, one in the damaged material behind the
Krojcclilc as it crosses the ring and the other acruss a
hrosder arca moving away from the sabot impact,

No ignitions were observed with either pointed or
hemispherical-ended projectiles up to the maximum
velocities tested (~ 610 m s°1), aor were there any
subseguient ignitions duc to sabot impact on the alrzagy
Jamaged materi2l of the type observed with the flat-
ended projectiles.

Effect of voidy

VYoids of diameter 1.5 mm were introduced into
samples of octo! and cyclotol 8t various distanc.cs from
tiic point of projectile impact. Since the mechanism by
which a void acts as an ignition sitc is by heating due 1o
shock aduced adiabatic eollapse of the void, it woeld
be expected that the effectiveness of the void would
decrease withi distance from the poinc of impact.

Figure 10 shows the collapse of a void at the casing
under the point of impact of a flat-ended projectile on a
sample of cyclotol. There is a second, similar void at
12 mm from the point of impact. The heating of the
trapped gas in the first void causes it (o luminesce, and
burning of the surrounding materiai is apparent in frame
4. The secord void does not undergo such strong
coinpression &s it is much further away from the point
of iripact and thus siinilar luminescence does not occur.
Almost all of the explosive was burned in this test, in
contrast 10 those tests in which no voids were present
wher most of it was recovered, indicating that the first
void was the main source of ignition.

Figure 11 shows the effect of a flat-ended projectile
impacting a sample of cased octol with a void 3 mm
from tne ‘point of impact. The projectile is below tae
surface of the charge and cannot be seen. but the shock
wave causing the collapse is visible as o darkening of
the surface of the charge, and the collapse of the void is
complete, as indicated by the flash of light, roughly 6
ps after the shock wave reaches it. Buraing of the
surrounding material is visible in ihe subscquent
frames. Impact of the sabot, with further associated
reaction, is visible in frame 7,
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FIGU R 10, ¥ AT ENDED PROJECTILE IMPACT AT 556 m 3-1 OF A STEEL-CASED CYCLOTOL
TARCEL WITI A VOIZ AT THE SITE OF IMPACT AND SECOND VOID NEAR THE TARGET CENTRE.
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FIGURE 11. FLAT-ENDED PROJECTILE IMPACT
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AT 564 m s-! OF A STEEL-CASED OCYOL TARGET

WITH A VOID 3 mm FROM THE SITE OF IMPACT. (FRAMING RATE § » 105 f[s)

lmpacts with pointed and hemispherical-ended
projectiles were far less effective at rapidly collapsing
voids, giving little or no light output and no ignitions.

BISCUSSION

High-speed photography of the impact oi at-ended
projectiles on copper and steel targets shows that at the

impact velocitics siudied, the projectile penctrates by
sheoring a plug of metal from the target. Assuming that
this is basically an adiabatic shear process, the fracture
cnergy will lead 10 the edges of the plug being hot, and
this might provide a possible source of ignition &< the
plug is driven through the cxplosive composition,




Calcuiation of the ternperature rise at the edge of the
plng from meacurement of the energy lost by the
projectile sngpests that very high temperatures may be
achicved. However, cven if quenching of this hot
iegion by condnction of heat into the body of the plug is
ignored, which may be justifiable or the timescales
involved, the temperature rise in any one small region
ot the explasive which comes into contact with the edge
ot the rlug will be limited by the duration of that
contact. This duvation iz rovghly determined by the
impact velocity and the casing thickness if the filliug is
assumed to be staticnary as the plug moves throu«h it
in these experiments it would be of the order of 4 ps.

The high-speed photezraphs of ignition in LX-14
and octol show that e outbreak of reaction is
associated with the leaaing edge of the projectile or
plug. Howevcr, there is litde difference between the
vbserved ignition mechanisms for cased and uncased
explosives, despite the lack of a not plug in the latter
case, which suggests that the source of ignition is more
to de with the rapid flow of the material abead of the
projectile. This should be similar for the two situations,
though with a bare chargs, the projectile will be moving
faster thiwough not having been slowed by collision with
the cosing, and the edges of the leading face will be
sharper than ‘he slightlv rounded edge o the sheared
plug. Both of these effec.s will tend to produce higher
material flow veloci‘es in the bare charge than in the
cascd charge for any given impact velocity.

The threshold velociwy for ignition of octol appeared
to be Jower for copper cuasing than for steel, despite *he
higher thermal conductivity of copper, which should
lead to a much more rapid cooling of the edges of the
plug and make it less effective as a source of igniiioi.
This also suggests thar the hot plug may not be the
prcdominant source of ignition in these impacts.

Changing the fiont end of the projectile to a conical
shape alters the nature of the casing failure, the strength
and divergence of the shock wave which ic transmitted
to the explosive through the casing, and reduces the
flow velocity of the material around the projectile once
it has entered the explosive. The rapid adiabatic shear
fuilure of the casing scen with the flat-ended projectile
is absent; in the case of the copper casing, the projectile
penctrates reasonably intact by ductile failure of the
metal whercas with steel, the front of the projectile is
flattened by the impact and it i quite blunt when it
reaches the explosi»~  All these factors shovld reduce
the effectivencss ot wi projectile as an ignition source,
and this was iadeed found to be the czse, with no
observed igritions up to €10 m s-'. Hemispherical-
ended projectiles, which caused ductile failure in
copper bt shear failure in steel, also failed to produce
ignidons even in steel cusings, again indicadng that the
gracturcd plug may be less important than the material
low.

These observations are w0t inconsistent with the
calculations of Liang ef al.” who showed that the
lempeiatuie rise in an expiosive due to the shear and
flow of matenal ahead of a projectile could be expected
to produce local temperatures high enough 0 cause
ianition.

CONCLUSIONS

High-specd photography of projectiie impacts on
cased and uncased charpcs has penmitied direct
observation of the ignitien sites within the explosive.
These coservations suggest that the _apid flow of
material around the front of the projectile may be more
irnportant as an ignition source than the hot fracture
surfac= of the plug of casing which is sheared outin the
course of casiig penetration.
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